The description of the short-range part of the nucleon-nucleon forces in terms of quark degrees of freedom is tested against experimental observables. We consider, for this purpose, a model where the short-range part of the forces is given by the quark cluster model and the long-and medium-range forces by well established meson exchanges. The investigation is performed using different quark cluster models coming from different sets of quark-quark interactions. The predictions of this model are compared not only with the phase shifts but also directly with the experimental observables. Agreement with the existing pp and np world set of data is poor. This suggests that the current description of the nucleon-nucleon interaction, at short distances, in the framework of the nonrelativistic quark models, is at present only qualitative.
I. INTRODUCTION
It has been clearly shown, in many investigations ͑see Refs. ͓1-3͔ and references cited therein͒, that the rich body of highly accurate data on nucleon-nucleon (NN) scattering, accumulated during the last three decades, can be very successfully described by theoretical models based on hadronic degrees of freedom. The main drawback met in these works is that, for a precise fit to the data, either the concepts of boson exchange are illegimately extended to the very short internucleon distances ͓4͔, or a purely phenomenological model is explicitly adopted for these short distances ͓5͔. On the other hand, the nucleon is a compound system of subhadronic particles and the quark degrees of freedom are expected to play a role in the short-range ͑SR͒ part where the two nucleons can overlap significantly.
In the past, several attempts ͓6-9͔ have been devoted to the derivation of a NN potential from the quark degrees of freedom, namely, in the framework of the so-called quark cluster model ͑QCM͒. This model extends the nonrelativistic quark model, which is very successful in accounting for the baryon static properties, to the description of the interaction between two clusters of three quarks. One of the outcomes of these works is that the dominant potential obtained is repulsive for all internucleon distances. This property, of course, is desirable for short distances but the lack of attraction in the medium range is very troublesome. Subsequent works ͓10,11͔ remedy this defect by adding to the QCM some meson exchanges. However, these meson exchanges are adjusted to give a best fit of the NN phase shifts. The result is that the obtained medium-range NN forces are then too strongly attractive to be realistic ͓12͔. This feature was confirmed very recently ͓13͔ in a new analysis of the high partial waves reported in Ref. ͓11͔ . Introducing quark delocalization and color screening to the QCM ͓14͔ can furnish some attraction, but this attraction lies in a region far outside that observed.
In contrast, the long-and medium-range ͑LR and MR͒ nucleon-nucleon forces provided by meson exchanges are nowadays well established and well tested against the lowenergy data, and we believe that they must be taken as fixed. In this work, we adopt this viewpoint, and investigate a model in which these LR and MR forces are supplemented with the SR forces derived from the quark cluster models. We believe that this procedure brings a better insight into the role played by quark degrees of freedom in the nucleonnucleon interaction, and provides a more meaningful test of the QCM. In a previous work ͓12͔, such an analysis has been performed only with the QCM reported in Ref. ͓11͔, and for the pp scattering. Here, we extend it to other QCM derived from different quark-quark interactions, and we also compare the predictions with the updated set of data, for both the pp and np scattering, up to the laboratory kinetic energy T lab ϭ350 MeV.
Our model as well as the input ingredients are presented in Sec. II. The results are reported and discussed in Sec. III.
II. THE MODEL
The model that fulfils the previous requirements, amounts to the Schrödinger equation 
͑2.1͒
where V P (r,E) is the theoretical LRϩMR part of the Paris potential, given by the one-pion-exchange, the uncorrelated and correlated two-pion exchange contributions ͓5͔. This potential is local but energy dependent. V QCM (r,rЈ) is the QCM nucleon-nucleon potential due to the quark confinement plus the one-gluon exchange contributions. It contains a local and a nonlocal part but is energy independent. f (r) ϭ͓1ϩ(r/R c ) p ͔ Ϫ1 is a cutoff function designed to make a clear separation between the SR and LRϩMR parts of the interaction.
For completeness, let us sketch briefly the derivation of the QCM potential V QCM (r,rЈ) in terms of the inputs, namely, the quark-quark interactions. The Hamiltonian considered for the six-quark system is
T is the kinetic energy for the c.m. motion. The quark-quark interaction V i j consists of the confinement term V i j con f which is supposed to account for the nonperturbative effects of QCD and of the residual interaction V i j res V i j ϭV i j con f ϩV i j res .
͑2.3͒
Usually the confinement potential is taken to be linear or quadratic
and the residual interaction is given by the one-gluon exchange potential
͑2.5͒
where i are the color matrices.
In the quark cluster model, the wave function for a sixquark system is assumed to be of the form
where a,b is the wave function of nucleon a or b ͑cluster of three quarks͒, ␤ the relative wave function, r ab ϭr a Ϫr b the relative coordinate between the two clusters centered at r a ϭ 1 3 (r 1 ϩr 2 ϩr 3 ) and r b ϭ 1 3 (r 4 ϩr 5 ϩr 6 ), A is the antisymmetrization operator with respect to the quarks and ␤ the coupling of a and b into a well-defined flavor and spin state ␤.
The Schrödinger equation gives
͑2.7͒
where the internal coordinates of the clusters a and b are now introduced explicitly as
Straightforward manipulations lead to a coupled channel equation, the resonating group method ͑RGM͒ equation where the operators
and
The exchange terms H ex (r,rЈ) and N ex (r,rЈ) arise from the antisymmetrization operator
The intrinsic wave functions of the two clusters a and b are usually approximated by the (Os) 3 harmonic oscillator configurations
where b q is the oscillator parameter and ⌶ S,T (1,2,3) is the spin (S)-isospin ͑T͒ color wave function.
Introducing the following renormalized wave function:
and the corresponding renormalized Hamiltonian kernel
͑ rٞ,rЈ͒drЉdrٞ,
͑2.14͒
one obtains ͵ drЈH ͑ r,rЈ͒ ͑ rЈ͒ϭE ͑ r͒.
͑2.15͒
Identifying this equation with an ordinary Schrödinger-type equation provides the expression of V QCM (r,rЈ) in terms of the kernels H (r,rЈ) and N(r,rЈ) . The full fledged details of these calculations can be found, for example, in Ref.
͓15͔.
As for the input parameters of the quark-quark interaction, namely, the quark masses m i , the confining strengths 1 D 2 phase shifts. The curves are labeled as in Fig. 4 . a n , the strong coupling constant ␣ s , and the oscillator parameter b q , they are adjusted to reproduce the baryon properties in the one-baryon sector ͑three-quark systems͒. Their values, found in different works ͓6,7,11,15͔, are listed in Table I . We have also included the model of quark-quark interaction considered in Ref.
The values of A, B, C, K, and ⌳ are listed in Table II . They were obtained by fitting also to the baryon spectrum.
III. RESULTS

A. Calculation of the potential V QCM "r,rЈ…
We have built a general numerical code from the formulas of Ref. ͓15͔ to generate the V QCM (r,rЈ) from the different quark-quark interaction models of Refs. ͓6,7,11,15,16͔. In the course of our calculations we found it necessary to correct some numerical factors. A factor 3 is missing in the T ϭ1 local triplet central potential, a factor Ϫ2/ͱ5 in the T ϭ1 local tensor, a factor 1/(2ͱ5) in the nonlocal tensor, a factor ͱ6/3 in the nonlocal spin-orbit potentials, a factor 2 in Figs. 1-3 . In these figures, we have plotted, as functions of r and rЈ, the partial wave projections of V QCM multiplied by rrЈ.
B. Comparison of the phase shifts
We have solved Eq. ͑2.1͒ using the different QCM potentials V QCM calculated in the preceding section, together with the LRϩMR parts of Paris potential ͓5͔. We did not include the -meson exchange. The only remaining free parameters are those of the cutoff function f (r), namely, p and R c . To make a clear separation between the short-range QCM potential and the meson-exchange potential, we chose pϭ10. Regarding the cutoff radius R c , we determine it, as in Ref.
͓12͔, by fitting to the 1 S 0 phase shift at 25 MeV in the isospin Tϭ1 channel, and to the deuteron binding energy ⑀ in the isospin Tϭ0 channel. The best values of R c obtained with the different QCM potentials using different sets of quark-quark parameters are shown in Table III . Interestingly enough they are close to the values ͑0.8 fm͒ we adopted for the separation between the theoretical and phenomenological parts of the Paris potential ͓5͔.
For a first qualitative comparison we display in Figs. 4 -10 the results of some phase shifts obtained from the different QCM of Refs. ͓6,7,11,15,16͔ with their corresponding best values for R c , as listed in Table III . We restrict ourselves to the low partial waves (Jр2) since these are the most sensitive to the SR part of the potential. They are compared with the recent phase shift analysis ͑PSA͒ ͓22͔ as well as with the Paris potential results. The results for the deuteron properties ͓17-21͔ corresponding to the same QCM models are shown in Table IV . The 1 S 0 phase shift is well reproduced, as R c is adjusted to fit it at 25 MeV. However the 3 S 1 phase is not so good. The agreement for the other phases is rather poor, especially in the higher-energy regions where one expects the role of the quark degrees of freedom to become more dominant.
C. Comparison with scattering observables
We believe that the comparison with phase shifts does not provide a severe enough model testing bench. For a more meaningful test we confront the predictions directly with the data on observables. We have performed such a comparison using the presently available world set of NN scattering data up to 350 MeV. All observables have been calculated and some examples are shown in Figs. 11-18 for pp as well as np scattering. As it can be seen, the agreement with experiment ͓23-31͔ is again poor. This is generally true for the other observables as well, leading to the values of the total 2 /data listed in Table V . The model fails to reproduce not only spin observables but also cross sections. It is worth noticing that the differences in the quark-quark interactions show up more manifestly in the spin observables. One might argue that choosing R c to be dependent only on isospin states is a too drastic prescription. We have tried to leave it free and to carry out a best fit of the partial waves. This leads to values shown in Table VI . It results in a better 2 /data, shown also in Table V , but without improving really the fit to the observables.
D. Discussion and concluding remarks
In this work, a careful and detailed analysis of the short distance effects of quark degrees of freedom on the NN observables was carried out, in the framework of the QCM. The agreement of the theoretical predictions with data is quantitatively poor, leading to conclusions different from those found generally in the literature. Changes in the choice of quark-quark interactions do not improve the situation. It is thus clear that the assessment of the ability of the QCM to describe the SR nucleon-nucleon forces differs, depending on whether one adopts the viewpoint of supplementing the QCM with adjustable LRϩMR forces or one chooses to associate the QCM with well-established LRϩMR forces. It could seem surprising that the nonrelativistic quark model, which has achieved remarkable successes in describing the static properties of single hadron, fails to reproduce quantitatively the SR part of the NN interaction. It is, of course, easy to blame the approximation made in the QCM, but it is fair to admit that so far no better method has been proposed and put in practice. In this work we focused on the QCM related to the original nonrelativistic quark model with quark and gluon degrees of freedom. The same type of investigations can be contemplated for a quark model with Goldstone boson, instead of gluon, exchanges as residual interaction. Some recent calculations were carried out, in this direction, for the nucleon-nucleon 1 S 0 and 3 S 1 phase shifts ͓32͔. The results obtained, namely, a strong repulsion, are reminiscent of those in the early works ͓6-9͔. Which of the two approaches is more relevant to QCD remains an open theoretical issue.
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